Abstract-This paper reports shear stiffness and viscosity "virtual biopsy" measurements of the three excised noncancerous human prostates using a new tool known as shear wave dispersion ultrasound vibrometry (SDUV) in vitro. Improved methods for prostate guided-biopsy are required to effectively guide needle biopsy to the suspected site. In addition, tissue stiffness measurement helps in identifying a suspected site to perform biopsy because stiffness has been shown to correlate with pathologies, such as cancerous tissue. More importantly, early detection of prostate cancer may guide minimally invasive therapy and eliminate insidious procedures. In this paper, "virtual biopsies" were taken in multiple locations in three excised prostates; SDUV shear elasticity and viscosity measurements were performed at the selected "suspicious" locations within the prostates. SDUV measurements of prostate elasticity and viscosity are generally in agreement with preliminary values previously reported in the literature. It is, however, important to emphasize here that the obtained viscoelastic parameters values are local, and not a mean value for the whole prostate.
I. INTRODUCTION

P
ROSTATE cancer is recognized as one of the most prevalent malignant diseases and is the most commonly diagnosed cancer among men in the U.S. In 2009, an estimated 192 280 men will be diagnosed with prostate cancer and 27 360 men will die of this disease [1] . Quantitative screening for prostate cancer at the early stage will reduce the mortality number, and allows efficient therapies such as brachytherapy or cryosurgery to be undertaken. The gold standard test is the sextant biopsy technique, which is best to diagnose prostate cancer [2] , [3] . In most instances, biopsy samples are correlated with the Gleason score [4] ever, some data have suggested an underestimation in 43.8% of cases and an overestimation in 17% of cases for prostatectomy. Initially, a digital rectal exam (DRE) is used to palpate the prostate before any biopsy is taken. An overview of studies of screening has suggested that DRE alone detected less than 60% of prevalent prostate cancers [5] , while a meta-analysis of DRE as a screening test has revealed overall sensitivity, specificity, and positive predictive value at 53.2%, 83.6%, and 17.8%, respectively [6] . Sensitivity and specificity of prostate-specific antigen (PSA) screening alone is also questionable, prompting the discoverer of PSA; R. Ablin state that "the test is hardly more effective than a coin toss" for detecting cancer [7] . Despite evident drawbacks of this test, the combination of DRE and PSA do appear to improve the screening; in a large study of volunteers, 26% more cancers were detected than PSA alone [8] . On the other hand, some data have shown that the combinations of DRE along with the interpretation of prostate biopsy are not accurate clinical tools for defining the location and extent of prostatic carcinoma [9] . It has been observed that when tumors are bilateral, they were sometimes not detected as such by DRE [9] . A more sensitive palpation-type tool would have improved the results. In practice, real-time monitoring of prostate imaging and needle biopsy guidance with conventional transrectal ultrasound (TRUS) as well as power Doppler TRUS imaging had been successful to improve prostate cancer detection rate [10] , [11] . However, significant number of cancers was still missed on initial biopsy [12] . It is, therefore, of some importance to work out novel tissue characterization tools and technologies to help in guiding needle biopsy in the prostate.
The difference in the elasticity of tumors and normal (healthy) tissues [13] - [17] has provided the impetus to develop elasticity imaging techniques [18] - [32] based on the quantitative measurement of their viscoelastic parameters. However, at present, there is no gold standard for stiffness and viscosity measurements in soft biological tissues. Although magnetic resonance elastography (MRE) has shown significant capabilities in prostate cancer detection [18] , [33] , this technology is expensive, thus less likely to see wide clinical applications and may not be widely available for general screening.
On the other hand, ultrasound-based elastography methods for the prostate include a variety of approaches [19] - [26] , [34] , [35] , and due to both efficiency in delineating prostate boundaries and low cost, developments of new ultrasonic techniques are still very active. Although these tools are valuable in detecting abnormal prostate lesions in clinical practice, they are, however, inadequate when abnormalities are not confined to a local region and there is no normal background tissue to provide contrast. In addition, estimation of elastic parameters largely depends on the boundary conditions. Such circumstances require quantitative methods, where tissue elasticity is inversely solved in unit of Pascal.
To address this limitation, considerable efforts by the elasticity imaging community have been directed in developing noninvasive quantitative methods for measuring tissue elasticity in recent years. Several groups have proposed the use of shear wave propagation speed for quantifying tissue stiffness [36] - [41] . However, tissue viscosity is neglected in these methods, and this omission can cause bias in the estimation of tissue elasticity. In more recent years, characterization of viscoelasticity of tissue has become more relevant, and numerous methods have been described to assess the viscoelastic material properties of soft tissue [17] , [26] , [42] - [53] . This motivation has been reinforced by recent studies suggesting that viscosity is another useful index of tissue health [54] , [55] . Supersonic shear imaging has some potential to quantitatively solve both tissue elasticity and viscosity [49] , [51] , [52] , [56] . However, this technique requires superfast imaging, which is not compatible with conventional commercial ultrasound scanners. Sonoelastography, a method that employs two mechanical actuators to create a "crawling" shear wave has been used in studying the prostate [17] , [26] , [46] . However, implementation of this method in vivo may be difficult because of the need for two mechanical drivers. Therefore, a quantitative method that mimics DRE, but with enhanced sensitivity, specificity, and reduction of the sampling error, might consequently lead to a better biopsy sampling and staging prostate diseases.
A newly emerging technology called shear wave dispersion ultrasound vibrometry (SDUV) [50] , which quantifies both elasticity and viscosity by evaluating dispersion of shear wave propagation speed, has been successfully used to characterize in vitro bovine and porcine striated muscle and in vivo swine liver tissue [50] , and may potentially improve evaluation of prostate mechanical parameters and guide needle biopsy to the appropriate suspected site. The purpose of this study is therefore directed toward evaluating the feasibility of using conventional ultrasound imaging to locate a suitable site for SDUV measurements of elasticity and viscosity in the prostate. The SDUV method is proposed here as a way of taking a "virtual biopsy" of the prostate in the sense that the sampling of a region of tissue and assessing its viscoelastic material properties can be estimated. The terminology "virtual biopsy" is used here because it is a noninvasive point-like measurement similar to the needle biopsy used for pathological evaluation of tissue. However, its semantic use, to refer to being a standard determinant of the presence of benign or malignant lesions, is not adopted in this paper.
II. METHODS
A. Principle of SDUV
In SDUV [50] , an external localized ultrasound force is applied to generate harmonic shear waves that propagate outward A harmonic shear wave is produced by a "push" ultrasound beam, and its propagation is monitored by a separate "detect" ultrasound beam at two positions using the same probe. The shear wave speed is calculated from its phase φ 1 and φ 2 measured at two locations (separated by a distance Δr) along its traveling path.
from the focal region of the transducer. For a complete description of the method, see [50] and [57] .
For a homogenous material described by the Voigt model, the shear wave speed c s depends on its angular frequency ω s [58] , [59] such that
where ρ, μ 1 , and μ 2 are the density, shear elasticity, and shear viscosity of the medium, respectively. The external localized force is generated by a "push" beam (see Fig. 1 ) that transmits repeated tonebursts of ultrasound. Typically, a push sequence consists of ten tonebursts that exert a force of constant amplitude every 10 ms. A shear wave propagating outward from the vibration center can be monitored by a "detect" beam operating in pulse-echo mode at two locations along the propagation path. The propagation speed of a shear wave is estimated by tracking its phase change over the distance it has propagated. The phase velocities of the shear wave are characterized at a number of selected frequencies to assess the dispersion of the wave velocities.
The shear wave speed is calculated using the following formula [50] :
where Δφ s = φ 1 − φ 2 is the phase change over the traveled distance Δr, and φ 1 and φ 2 are the phases at the "detect" points "1" and "2," respectively. The variation of c s versus frequency is then fit by (1) to inversely solve for elasticity and viscosity.
B. Experiments
Three freshly excised human prostates from cadavers were placed in a saline water solution for 0.5 h while transporting and then embedded in separate gel phantoms. The waterbased gelatin was made using 300 Bloom gelatin and glycerol (Sigma-Aldrich, St. Louis, MO) using a concentration of 10% by volume for both components. Potassium sorbate (SigmaAldrich) was added as a preservative at 10 g/L. Each gel block was placed in a water tank and scanned by conventional Bmode ultrasound at 4 MHz with a General Electric Vivid 7 (GE HealthCare Ultrasound Cardiology, Horton, Norway) commercial ultrasound machine. A representation of the spatial distribution of the measurements is depicted in Fig. 2 . For each prostate, five regions were selected within the B-scan image [see Fig. 2(b) , colored circles] in which propagation of shear waves was detected at three different positions (shown as white dots within each region) corresponding to three measurements, ≈1 mm apart and lateral to the radiation force beam that produced the shear waves. The shear waves were produced at a rate of 50 Hz, and the repetition gave rise to higher harmonics (100-400 Hz) in the displacement signal [50] . The phase of shear waves at frequencies 50-400 Hz was estimated from these vibration-time records after computing a fast Fourier transform (FFT) on the time-domain displacement signal. The phase at the desired frequencies was recorded from the frequency-domain representation of the motion signal.
For the SDUV measurements on the excised prostates, two separate transducers were used in the experiments. The pulse sequence was decomposed into two groups: the push pulses and the detect pulses. The push pulses drove a "push" transducer to generate the push beams at a fixed point within the prostatic region, while the detect pulses drove a separate "detect" transducer (positioned beside the push transducer) to generate the detect beams. The "detect" transducer is mechanically translated perpendicularly to the beam axis to track the shear wave at multiple points within each region. Although two separate transducers were used in the experimental setup, the envisioned (prospective) operation of SDUV for measuring elasticity and viscosity of the prostate in a clinical setting is as follows: Initially, an image of the prostate will be taken using B-mode TRUS to locate a site for SDUV measurements. Then, a location of interest will be selected within the B-mode ultrasound image, and the ultrasound "push" transducer temporarily switches to SDUV mode (using the same probe) to measure prostate elasticity and viscosity at the specified location (see Fig. 1 ). All the procedures used on the excised prostates were approved by the Mayo Clinic Institutional Review Board (protocol ID 06-003629).
After locating suitable regions [far from the intraprostatic calcifications shown on the X-ray image in Fig. 2(a) ] simulating suspected sites for needle biopsy, and denoted by circles in the B-mode ultrasound image, SDUV measurements were then performed. A diagram of the experimental setup is shown in Fig. 3 . The transducer used for generating the shear wave was a 3 MHz spherically focused transducer with a focal length of 10 cm and diameter of 45 mm that was assembled in-house. The transducer used for detection was a 5 MHz spherically focused transducer with focal length of 5 cm and diameter of 12.5 mm (i3-0508-R-SU, Olympus NDT, Waltham, MA). The push transducer was driven with a 3 MHz toneburst of length 0.3 ms (HP33120 A, Agilent, Santa Clara, CA), and the signal was amplified by a custom-made power amplifier with a gain of 40 dB.
This toneburst, which was 250 μs in time duration, was repeated at a pulse-repetition frequency (PRF p ) equal to 50 Hz, where the subscript "p" refers to the push. The detect transducer was driven with a pulser/receiver (5072PR, Olympus NDT). The output signal was filtered and amplified using a logarithmic amplifier. The pulse-echo operation was repeated at a pulserepetition frequency (PRF d ), equal to 1.6 kHz for prostates 1 and 2 and 2.0 kHz for prostate 3, where the subscript "d" refers to the detection, and echoes were recorded at 100 MHz sampling rate. The duration for a single measurement was 200 ms.
The push and detection transducers were cofocused before the experiment, using a small steel sphere on a membrane. After this cofocus was established, each prostate embedded in a gel phantom was moved in between the transducers and measurements were made. The push transducer remained in a fixed position and the detection transducer was moved in 0.5 mm increments for 5 mm to vary the value of Δr used in (2) .
The tissue displaces during one time sample, and then when the force is off, the tissue relaxes [see Fig. 4(a) ]. The harmonics result from using multiple impulses and taking the FFT of the composite signal. It was pointed out in [60] that using repeated tonebursts gives frequency content at harmonics of the repetition frequency of the pushing. The response is then composed of multiple harmonics, and this is illuminated by looking at the frequency-domain representation of the motion signal.
Motion detection was performed using cross-spectral analysis [61] , and the phase at 50-400 Hz was evaluated in 50 Hz increments using the aforementioned FFT-based method. The phase versus distance was assessed and data with linear phase were used to calculate the shear wave speed. The dispersive shear wave speed was then fit to (1) to estimate the viscoelastic material properties.
Once the motion was estimated, an FFT was performed. The phase values were taken from FFT signal at the harmonics of interest. Assuming a reasonable SNR of 30 dB, then the phase values should have a bias and variation (jitter) less than about 2
• , as found in a previous study [62] . Fig. 2 shows an X-ray fluoroscopic image [see Fig. 2(a) ] and conventional B-mode ultrasound image [see Fig. 2(b) ] of one of the prostates embedded in a gel phantom. In Fig. 2(a) , clusters of calcifications appear as bright spots. The urethra is also shown as a black dot at the center of the image. In the B-mode ultrasound image at 4 MHz [see Fig. 2(b) ], five regions far from the calcifications and denoted by colored circles were selected for appropriate SDUV measurements. Detection points are shown as white dots in Fig. 2(b) . The measurements in the regions, according to Fig. 2 , were performed in a quasi-random manner so that the different zones may not be represented equally. As a result, variations in the measurements of the elasticity and viscosity over each prostate were observed. However, in each region, there was some consistency. The different positions were acquired by varying the depth over which we analyzed the data. Other reports have shown variations similar to those shown in this study [63] . Fig. 4(a) shows the displacement induced by the "push" beam as measured by the "detect" beam for one measurement. The "push" beam stimulated the propagation of shear waves that were detected at three different locations (see Fig. 2(b) , white dots), which are 1 mm apart, within the prostate. The phase of shear waves at frequencies 50-400 Hz was estimated from these vibration-time records by FFT-based scheme and are shown in Fig. 4(b) , which demonstrates that the shear wave phase changes linearly [as assumed with (2)] with propagation distance for all frequencies studied. The shear wave speed, shown as circles in Fig. 4(c) , is calculated using the phase information given in Fig. 4(b) . The solid line is the fit by (1) to the measured shear wave speeds, which gives μ 1 = 1.80 kPa and μ 2 = 1.09 Pa·s. The means and standard deviations of prostate shear wave speeds obtained from five consecutive SDUV measurements are shown in Fig. 4(d) that shows good repeatability of wave speeds and close values to those in Fig. 4(c) .
III. RESULTS AND DISCUSSION
TABLE I SHEAR STIFFNESS AND VISCOSITY MEASUREMENTS FROM FIVE REGIONS WITHIN EACH PROSTATE AT THREE DIFFERENT POSITIONS
Additional multiple SDUV "virtual biopsies" measurements have been performed within each prostate over five different regions. In each region, separate measurements were performed at three different positions (ranging from 1 to 5 mm deep through the tissue). As expected, the results showed different values for stiffness and viscosity. The measurements were made four to five times to evaluate the precision of the measurements, and the mean and standard deviations of the measurements are summarized in Table I .
The mean values of μ 1 and μ 2 for the three prostates ranged from 1.31 to 12.81 kPa and 1.10 to 6.82 Pa·s, respectively. The range of these values may have their origins in heterogeneity of the tissue. For most measurements, the precision was very good.
There exist previous literature reports on measuring the prostate elasticity using MRE for seven healthy human volunteers in vivo [64] and in a canine model. The mean shear elasticity values obtained with MRE on human prostates [64] in the central and peripheral prostatic portion were μ 1 = 2.2 ± 0.3 kPa and μ 1 = 3.3 ± 0.5 kPa, respectively. In MRE, measurement of the elastic modulus was done at a fixed excitation (low) frequency, i.e., 65 Hz. At this (low) frequency, the effects of viscosity may generally be ignored, as shown in (1). Thus, the shear wave speed in this limit is given from (1) as follows:
Assuming that the density for tissue approximates water (ρ ≈ 1000 kg/m 3 ), the value of the mean shear wave speed ranges from ≈1.48 to 1.82 m/s, values that are in the range of the SDUV measurements. On the other hand, the study on the canine model [33] reports mean shear stiffness values ranging from μ 1 = 5.3 ± 1.4 kPa to μ 1 = 6.3 ± 1.7 kPa. The overall SDUV results showed higher shear stiffness values from the in vivo MRE results [64] , but closer values to the in vivo study on the canine model [33] . The higher values for the stiffness may be attributed to the fact that the prostate glands were excised and had no blood perfusion. MRE reconstruction techniques typically involve spatial and temporal filtering of the wave motion data [65] , [66] . This may lead to slight underestimation of the shear wave speeds and may also be a reason that the MRE values are smaller than the SDUV values. This type of trend was also observed in comparing breast results with MRE and supersonic shear imaging [49] .
There have been additional studies using sonoelastography and shear wave elasticity imaging (SWEI) that reported shear modulus values in normal ex vivo prostates ranging from 1.8 to 10.8 kPa [17] , [26] , [63] . Additionally, these studies identified that in cancerous tissue, the shear modulus ranged from 10 to 20 kPa. There is a slight amount of overlap in the two ranges, but there is considerable contrast between the two ranges that provides the ability to distinguish diseased from normal tissue. The μ 1 values compiled in Table I are all in the normal range, with respect to these previously reported studies, except for two. We also add a new dimension by reporting the viscosity of the prostates.
Based on the reports given in the literature, the shear wave speeds that will be encountered in cancerous tissues should range from 3 to 4.5 m/s, which are well within the ranges of the SDUV method for accurate tracking and estimation. These speeds could be higher in tissue stiffer than 20 kPa.
To address the issue of tissue heterogeneity, a systematic set of measurements will need to be performed to assess differences in μ 1 and μ 2 in different regions. This can be done by constructing a grid, where measurements should be taken so that enough of the tissue is sampled. However, concentration of samples could be performed if an area is suspicious of being cancerous so that sensitivity could be increased.
More work will need to be done to investigate how shear waves propagate near calcifications, like those shown in Fig. 2 . Wave scattering and reflections may arise that would restrict the application of (2) .
The choice of the fitting model is of particular importance, since it determines the estimation process of shear stiffness and viscosity. The Voigt model has been adopted by many groups because of its simplicity, as it consists of two elements that relate to the elastic and viscous components of materials. However, currently, it is not yet established which model is the most appropriate to describe the response of soft tissues, especially the prostate. In these results, the excellent fits between (1) and the shear wave-speed dispersion measured in the prostates suggest that the Voigt dispersion model is sufficient, at least for the frequency range used here. Using the speed values that were estimated from the data and the values for μ 1 and μ 2 that were estimated, we computed the absolute error from the experimental speed estimates compared to the speeds provided by the Voigt model fitting. We calculated the median absolute error for all the measurements for each prostate. A median was used to avoid bias from outliers. The median absolute errors were 0.19, 0.45, and 0.34 m/s for prostates 1, 2, and 3. By comparison, the median absolute error for the data and model fit in Fig. 4(c) is 0.11 m/s.
A Kelvin-Voigt fractional derivative model, which consists of a spring and a fractional derivative dashpot, has also been employed to fit shear wave-speed data in prostate [17] , [26] , [67] . The data were fit relatively well by this model. Acquisition of more experimental measurements will assist in determining which model may be optimal for fitting the shear wave-speed data. The SDUV method is model independent, but a model is useful in providing quantitative results for differentiating between and healthy and abnormal tissue.
Because viscosity is a relatively unexplored parameter, some discussion should be given on how accurate we expect the viscosity estimate to be. We have tried to make phantoms that have tissue-like elasticity and viscosity and have found this proposition to be difficult. However, we have found in liver measurements that viscosity values were in accord with previously reported values from MRE studies [50] . We can also take an indirect approach by referring to the study where an analysis of different parameters that affect the performance of SDUV measurements was reported [68] . This analysis included parameters such as echo SNR, tissue displacement, maximum frequency, and measurement distance. In their parametric study, the variations in material property estimates were calculated. Coupled with the results from [68] , the data in Table I and knowing that the echo SNR was about 40-45 dB, we can prospectively infer that the error was low because phase-detection errors are predicted to be small, and as a result, the errors in shear wave speed should also be small.
In the experiments, two separate transducers were used (see Fig. 3 ). However, the use of a single linear transrectal array transducer (as shown in Fig. 1 ) will be more useful and especially relevant for a clinical setting. Currently, we have no access to control the operation of a commercial array transducer, but this will be the subject of future investigations.
To assess the safety of this method, the output pressure at the focus of the push transducer was measured with a needle hydrophone (HGL-0200, Onda Corporation, Sunnyvale, CA). After derating by 0.3 (dB·cm)/MHz using 1.5 cm of tissue, the focal length of the transducer is 10 cm, but most of this length is water path that provides almost no attenuation, the derated spatial-peak pulse-average intensity (I sppa,0.3 ) of the beam was 232.9 W/cm 2 , and the derated spatial-peak time-average intensity (I spta,0.3 ) was 2.91 W/cm 2 . The derated (Mechanical Index) MI 0.3 was 1.23. Using the methodology presented previously in [69] , the I spta,0.3 , which is above the 0.72 W/cm 2 Food and Drug Administration (FDA) regulatory limit, could be reduced by introducing a wait time between applications of the push sequence. This would extend the averaging time for the intensity measurement and bring the I spta,0.3 value down. The high power requirements for the "push" are feasible on current ultrasound scanners. Siemens and Supersonic Imagine are two companies that offer ultrasound scanners with adequate power to perform acoustic radiation force pushes and detect the induced motion.
An advantage of this method is that SDUV virtual biopsies are fast (∼0.1-0.2 s), and multiple virtual biopsies could be done to aid in actual biopsy placement. We advocate the "virtual" part of this method because it is a noninvasive, local measurement, in a way similar to the traditional needle biopsy methods that assess the health of tissue based on tissue extraction and histological analysis. The resolution of SDUV is typically 4-5 mm lateral to the pushing location because the shear waves typically attenuate quickly. The resolution of the measurement is determined by the quality of the phase data that is directly related to the displacement amplitude. The linearity of the phase is an indicator of the quality of the phase in keeping in accord with the relationship in (2) . The linearity of the phase can be determined by the user or automatically [52] . There may also be some effects from the near field of the shear wave generation, which may limit where the shear wave tracking can begin. This topic is one that needs further study.
The proposed SDUV method is also economical (this is a modification of current ultrasound scanners and will therefore be relatively easy to implement) and compatible with existing commercial ultrasound scanners. Hence, it may potentially operate in clinical ultrasound examinations. However, whether respiratory or body movement artefacts would affect micronsize displacements is not yet explored; when approaching the prostate from a TRUS probe, we believe that respiratory motion effects should be minimal. Gross body movement may introduce errors in the measurements. However, the frequency content of the waves that we are interested in would be much higher than either or these types of movements that would be typically less than 10 Hz. The motion can be filtered appropriately by keeping this in mind. If body movement was an issue, the measurement could be repeated, since it only takes 100-200 ms. For the discussion of other advantages and limitations of SDUV, see [50] .
IV. CONCLUSION
This study showed the feasibility of using B-mode ultrasound imaging to locate a specific region within excised human prostates in vitro and perform SDUV "virtual biopsy" measurements of prostate elasticity and viscosity. Results from this preliminary study are generally in agreement with initial values reported previously in the literature. It is important to emphasize that SDUV measurements are local, and not an average value of elasticity for the whole prostate as in MRE. Future work will be directed toward in vivo measurements in a clinical setting using TRUS and suitable modification of the system to perform "virtual biopsy" measurements in a clinical setting.
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